B-1 and B-2) of M. anguillicaudatus and M. mizolepis. In several localities, natural hybridizations between the group B-1 and B-2 loaches and introgressions of clonal mitochondrial genomes into the group B-1 loaches were detected.
Introduction
Among wild populations of pond loach or Oriental weatherfish Misgurnus anguillicaudatus (Cobitidae, Cypriniformes) in Japan, bisexually reproducing gonochoristic wild-type diploid individuals (2n = 50) are most common, but clonal diploid lineages have been found in certain areas of Hokkaido and Ishikawa Prefectures [1, 2] . These clonal diploid loaches lay unreduced diploid eggs which are able to develop by gynogenesis after triggering with sperm of bisexual wildtype diploids. Bisexually reproducing gonochoristic tetraploids (4n = 100) occur together with sympatric wild-type diploids and infrequent triploids in China [3] [4] [5] , but natural tetraploid loaches have not been so far detected in wild populations of Japan [6] [7] [8] . However, the occurrence of originunknown tetraploid loaches has been often reported in samples taken from fish markets of Japan [8] [9] [10] [11] . Ploidy status and reproductive modes of Japanese pond loach M. anguillicaudatus are quite complicated and enigmatic.
Previous population genetic studies using allozymes (polymorphic enzymes) and sequences of the mitochondrial DNA control region (mtDNA-CR) revealed the presence of highly diversified groups A and B, in which the latter was further subdivided to groups B-1 and B-2, within wild populations of M. anguillicaudatus species in Japan [2, 12] . A similar conclusion was also obtained by the sequences of different region mtDNA, cytochrome b [13] . Genetic differences between A and B-1 groups was also indicated by microsatellite genotyping [14] . Recent genetic analyses using sequences of recombination activating gene 1 (RAG1) strongly supported the presence of three groups A, B-1, and B-2 in Japanese M. anguillicaudatus populations and showed the simultaneous co-presence of RAG1 sequences (alleles) from A and B-1 groups, i.e., heterozygosity, in the natural clonal loach [15] . The results based on sequences of interphotoreceptor retinoidbinding protein 2 (IRBP2) also provided the same conclusion [15] . These results strongly suggested the hybrid origin of clonal diploid loach in an atypical reproductive manner from a past hybridization event between groups A and B-1, as well as the existence of genetically diversified groups within M. anguillicaudatus species.
In addition to the complex population structure of M. anguillicaudatus as mentioned above, an exotic mud loach species M. mizolepis or Paramisgurnus dabryanus has been often recorded in the waters of Japan, and such invasion makes the situation much more complicated [16] [17] [18] [19] [20] . Moreover, the mud loach M. mizolepis has been considered to be a synonym of the large scale loach P. dabryanus, but it is premature to rely on this due to the confusion of taxonomy and the shortage of other biological information [18, 20, 21] . Thus, hereafter in the present study, we used M. mizolepis for the exotic mud loach frequently appearing in Japan.
Here, firstly we tried to isolate repetitive sequences, which are generally known to be useful for identifying a species and/or a population, from the DraI and BglII digests of the genomic DNA and then develop the genetic markers ManDra and ManBgl to characterize three diverse groups (A, B-1 and B-2) of M. anguillicaudatus. Secondly, we developed the genetic marker based on RFLP (restriction fragment length polymorphism) of RAG1 sequences to characterize different groups and clonal lineages of M. anguillicaudatus. Finally, we have identified diverse groups of M. anguillicaudatus originally defined by mtDNA haplotypes and by combining the abovementioned ManDra, ManBgl, and RAG1 RFLP genetic markers in relatively large numbers of Japanese loach samples (n = 522) collected from 33 different sites. We also tested availability of these molecular tools for species identification in specimens of other cobitid species belonging to different genera and cyprinid fish.
Materials and methods

Fish specimens
A total of 522 pond loach M. anguillicaudatus (Cobitidae, Cypriniformes) were collected from 33 different localities from Hokkaido, Honshu, and Shikoku Islands, Japan (Table 1) . A part of these samples were already analyzed for ploidy determination, mtDNA-CR haplotypes, DNA fingerprinting and sequencing of two nuclear genes, RAG1 and IRBP2 [2, 15] . Preserved samples of the clonal lineage 1-4, which were genetically confirmed by Morishima et al. [1, 2] and Yamada et al. [15] , were used as the standard reference controls in the present study. Mud loach M. mizolepis (n = 3) and European weatherfish M. fossilis (n = 5) were the same as those analyzed in Morishima et al. [2] . Spinous loach Cobitis taenia (n = 2) were provided by Polish scientists in 2004. Japanese spinous loach species Cobitis biwae (n = 3) were collected from Ashida River, Hiroshima Prefecture in 2012. Stone loach Noemacheilus barbatulus toni (n = 3) and Hokkaido eight barbell loach Lefua nikkonis (n = 3) were collected from waters in Nanae town, Hokkaido Prefecture. Kuhlii loach Pangio kuhlii (n = 5) and eight barbel loach L. echigonia (n = 3) were commercially purchased from the local aquarium fish dealer. Goldfish Carassius auratus (n = 1) and common carp Cyprinus carpio (n = 1) samples were collected from the aquarium of the Faculty of Fisheries Sciences, Hokkaido University, Hakodate. Triploid silver crucian carp (ginbuna) Carassius langsdorfii (n = 1) was a rearing individual in the aquarium of the Faculty of Veterinary Medicine, Azabu University, Sagamihara.
Ploidy determination
Ploidy level of the samples was determined by nuclear DNA content measured by a flow cytometer PA or CyFlow (Partec GmbH, Münster, Germany) prior to molecular genetic studies basically as described in Fujimoto et al. [22] .
Grouping of specimens by mtDNA-CR haplotypes
DNA was extracted from tissue samples by the standard phenol/chloroform protocol [23] . The mtDNA-CR was amplified and then the amplified product was analyzed to detect restriction fragment length polymorphism (RFLP), followed by the partial sequencing of the mtDNA-CR region (444-448 bp) according to the procedure of Morishima et al. [2] . Group identification of each specimen was carried out by RFLP pattern and/or 100-99.3% matching in the corresponding site between known 942-954 bp mtDNA-CR sequences (haplotypes) (AB306717-AB306793) and present partial 444-448 bp sequences. The genetic grouping based on mtDNA-CR had already been made in parts of samples analyzed in Morishima et al. [2] .
Development of the repetitive DNA sequences, ManDra marker
Preliminary screenings to digest the genomic DNA from an M. anguillicaudatus, which was purchased from a local aquarium shop, were conducted to find out the most appropriate endonuclease(s) among 75 commercially available restriction enzymes (data not shown) and DraI was selected as a candidate. The DraI digests were electrophoresed on a preparative 1.5% agarose gel in TAE buffer and the separated bands were visualized with ethidium bromide on a UV transilluminator using a gel documentation system (UVP bioDoc-It™ Imaging System, Cambridge, UK). A fragment of about 130 bp in size was excised and the DNA was purified by using Wizerd™ SV Gel and PCR Clean-Up System (Promega), and then ligated into the SmaI-linealized plasmid vector pUC19. The ligated DNA was transformed into competent E. coli JM109. White colonies with recombinant plasmids were selected on LB agar plates containing ampicillin, X-gal and IPTG. Selected plasmids were then purified by Wizerd™ Miniprep Resin (Promega) according to the manufacturer's instructions. The inserts were confirmed to be about 130 bp in size by agarose gel electrophoresis. Eight cloned plasmids purified with the resin were used as templates for sequencing. Both strands of each plasmid were sequenced with a BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems) using the automated sequencer, Genetic Analyzer 3100 (Applied Biosystems). The sequences were analyzed using GENETYX-MAC ver.15.0.4.
Procedures for the Southern blot hybridization were as follows. Genomic DNA of an M. anguillicaudatus sample Based on sequences obtained (see the "Results" section), a primer set to amplify ManDra sequences was designed by using Oligo ver. 6.8 and AMPLIFY ver. 3.1, 4/3X. The PCRs were performed with 100 ng of genomic template DNA, 200 μM each of dNTPs, 0.021 U rTaq polymerase (TaKaRa) and 0.4 μM each of primers: ManDra-F 5′-TGTTTCATCCTTAGAATGCC-3′ and ManDra-R 5′-CCAGCTCAGAAAAGCAGTTTAG-3′ ( Table 2 ). The cycling conditions were as follows: initial denaturation 3 min at 95 °C, 20 cycles of denaturation 30 s at 95 °C, annealing 30 s at 50 °C, extension 30 s at 72 °C and then a 5-min extension at 72 °C. The products were electrophoresed and stained with ethidium bromide.
Development of the repetitive DNA sequences, ManBgl marker
The genomic DNA from an M. anguillicaudatus was completely digested with the selected BglII. The digests were fractionated on a preparative 1.5% agarose gel in TAE buffer and were visualized with ethidium bromide. A fragment of 550 bp in length was excised and ligated into the Bam HI-linearized plasmid vector pUC19. The ligation and transformation were performed as described above for the ManDra marker. Recombinant plasmids were verified by size and were sequenced with a BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems) using the automated sequencer, Genetic Analyzer 3100 (Applied Biosystems).
The Southern blot hybridization was performed as follows. Genomic DNA samples were separately cleaved to completion with BglII at 1 U/μg DNA, fractionated on 1.5% agarose gels and transferred to BIODYNE PLUS MEMBRANE (Pall BioSupport Division). A DIG-labeled probe was made with a PCR DIG Probe Synthesis Kit (Roche) and hybridization was performed at 42 °C overnight. The labeled ManBgl-550-18 (see the 'Results' section) was employed as a probe in this study. Chemiluminescent hybridization signals were detected with a DIG Luminescent Detection Kit (Roche).
The PCRs were performed with 100 ng of genomic template DNA, 200 μM each of dNTPs, 0.021 U rTaq polymerase (TaKaRa) and 0.4 μM each of primers: dbg13 5′-TCTKAKCATAGGCARCAATA-3′ and dbg23 5′-CTK-TCAAAACWCAAAGACAC-3′, which were designed to amplify all ManBgl-550 sequences ( Table 2 ). The cycling conditions were as follows: initial denaturation 3 min at 95 °C, 30 cycles of annealing 30 s at 51 °C, extension 45 s at 72 °C, denaturation 30 s at 95 °C and then a 5-min extension at 72 °C. The products were electrophoresed and stained with ethidium bromide.
Development of the RAG1-RFLP marker
In the sequence (527 bp) of RAG1 gene determined in the clonal individual and the wild-type individuals of M. anguillicaudatus [15] , a restriction enzyme was selected to detect M. anguillicaudatus specimens belonging to genetically diverse groups and clonal lineages by using TaKaRa Cut-site Navigator (TaKaRa). Primer sets to amplify the RAG1 gene region (443 bp) common to groups A, B1 and B2 of M. anguillicaudatus were designed as RAG1-M.aF, 5′-GTTTGAATGGCAGCCAGCTCTG-3′, and RAG1-M.aR, 5′-CCACAAACATGAGACACAGAGGTC-3′ (Table 2) . PCR was performed with a mixture containing 2.0 μl of the DNA sample, 12.3 μl of DDW, 1.6 μl of dNTP mixture (TaKaRa), 2.0 μl of 10× PCR buffer (TaKaRa), 0.1 μl of rTaq polymerase (TaKaRa), 1.5 μl of 10 μM RAG1-M.aF primer and 1.5 μl of 10 μM RAG1-M.aR primer. The PCR conditions were as follows: initial denaturation 3 min at 93 °C, followed by 35 cycles of profile 1 min at 93 °C, 1 min at 60 °C and 1 min at 72 °C. The reaction was completed by a final extension at 72 °C for 7 min. Five microliters of the PCR products was incubated in a mixture including 1 μl of Pvu II (TaKaRa), 1 μl of 10× M buffer and 3 μl of DDW in a 0.2-ml micro tube at 37 °C for 4 h. About 4 μl of digested sample mixed with 1 μl of loading buffer was electrophoresed on 1.5% agarose gel for 40 min at 100 V and stained with ethidium bromide and photographed on a UV trans-illuminator using a gel documentation system (UVP bioDoc-It™ Imaging System, Cambridge, UK).
Identification of genetically diverse groups and species of loach
Based on present results and previous analyses [15] of mtDNA-CR haplotype and nuclear markers, samples of diploid wild-type loaches belonging to group A (Ozora, Hokkaido, site no. 1, Table 1 ), B-1 (Notojima-Suso, Nanao, Ishikawa, site no. 21, Table 1 ) and B-2 (Ueda, Nagano, site no. 17, Table 1 ) were selected to be the representative samples of each genetic group to examine the presence or absence of fragment(s) of the abovementioned nuclear DNA markers specific to the genetic groups. Preserved samples of clone lineages 1-4 including nuclear genomes of both A and B-1 loaches [15] were also used as the reference standards of clonal loaches to reveal the presence or absence of fragment(s) of the nuclear DNA markers characterizing the clonal lineages. In addition, samples of putative heterozygotes between B-1 and B-2 groups (Futtsu, Chiba, site no. 16, Table 1 ) were also used as representative samples. Different species of the genus Misgurnus were also used to examine the presence of fragment(s) of the DNA markers specific to each species for developing species identification methods. Similar examinations were conducted in samples from other cobitid species belonging to the different genera such as Cobitis, Noemacheilus, Lefua and Pangio as well as cyprinid species such as goldfish, common carp and silver crucian carp.
In all the M. anguillicaudatus specimens (Table 1) , ploidy status and haplotypes based on RFLP of mtDNA-CR or partial sequencing of mtDNA-CR (444-448 bp) were examined. Then, electrophoretic detection of the PCR products by ManDra and ManBgl sequences were carried out. RFLP analyses of PCR products of the RAG1 gene followed. Combining all the results obtained by mtDNA-CR haplotyping as well as nuclear ManDra, ManBgl, and RAG1-RFLP genotyping, diversification of genetic groups was depicted in Japanese M. anguillicaudatus. Moreover, molecular methods to identify M. anguillicaudatus groups and other Misgurnus species were provided.
Results
ManDra marker
When the genomic DNA of M. anguillicaudatus was digested with DraI and the fragments electrophoresed, a discrete band of about 130 bp in size was observed (Fig. 1) .
The prominent fragment was cloned and the recombinants were identified by size. Two types of nucleotide sequences, which appeared most frequently, were determined in eight colonies and then designated as ManDra (Fig. 2) . ManDra sequences were deposited in DDBJ/GenBank/EMBL under the accession number LC149871. A BLAST search of these sequences did not match any known sequences previously deposited in the NCBI DNA databases. The closest match (about 72%) was seen with Cal3nDr sequences from DraI digests of triploid silver crucian carp [24] . Based on the ManDra sequences, we designed a primer set (ManDra-F and ManDra-R, amplified product, length 119 bp, Table 2 ).
The ManDra sequences comprised the ApaLI cleaving site as shown in Fig. 2 . When the genomic DNA sample of M. anguillicaudatus was digested by ApaL1, a satellite band of approximately 130 bp was detected, as in the abovementioned case of DraI digestion (Fig. 3a) . Southern blot hybridization analysis in partially DraI digested genomic DNA of a loach revealed ladder-like signals (Fig. 3b) , thus suggesting the presence of tandem repetitive ManDra sequencs in the genome. When the PCRs were performed on samples from group A of M. anguillicaudatus, a ladder-like electrophoretic (Fig. 4) , while other representative samples of B-1 and B-2 groups always exhibited a smear-like pattern (Fig. 4) . The sample of clone loach also gave the smear-like pattern (Fig. 4) . There is no difference in ManDra profiles between clonal diploid individuals and clone-derived triploid individuals (figure not shown). On the other hand, similar fragment patterns were not seen in different loaches M. mizolepis, M. fossilis, C. taenia, C. biwae, and L. nikkonis under the present PCR conditions. However, an increase of PCR cycles to 25-30 often amplified weak ladder-like patterns. Weak fragments were seen in N. b. toni, but the profile was different from that in Misgurnus (Fig. 4) . No fragments appeared in goldfish, but weak bands appeared in common carp samples (Fig. 4) . No PCR amplification was also confirmed in triploid silver crucian carp by a ManDra primer set (figure not shown).
ManBgl marker
When the genomic DNA of M. anguillicaudatus was digested with BglII and the fragments were electrophoresed, a discrete band of about 550 bp was observed (Fig. 5) . The prominent fragment of 550 bp was cloned and the recombinants were identified by size. The complete nucleotide sequences, which we designated as ManBgl-550, of the inserts from M. anguillicaudatus were determined (Fig. 6 ). ManBgl consensus sequences were deposited in DDBJ/GenBank/EMBL under the accession number LC149872. A BLAST search of these sequences did not match any known sequences previously deposited in the NCBI DNA databases.
To examine the genomic organization of ManBgl-550 repetitive DNA sequences, the genomic DNA of M. anguillicaudatus was digested with BglII and hybridized to a probe (Fig. 7, lanes 1, 2 and 4) . The digests exhibited two strongly hybridizing bands of about 490 and 550 bp, as well as several minor bands with larger sizes. A band of 550 bp was exhibited in groups B-1 and B-2 of M. anguillicaudatus individuals, but a band of 490 bp was exhibited in group A. All of the M. mizolepis showed bands of both 490 and 550 bp, together with minor bands with larger sizes (Fig. 7, lane 3 (Fig. 8) . No PCR products appeared in European weather fish M. fossilis or other cobitid and cyprinid species.
Two patterns were detected. The first pattern had prominent bands of about 400 bp, while the second pattern had a band of about 460 bp (Fig. 8) . The first and second patterns were shown in the groups A and B (B-1 and B-2) samples of M. anguillicaudatus, respectively. The PCR band at 460 bp corresponded to ManBgl-550 sequences. Thus, the PCR band of 400 bp seemed to correspond to the Southern blot hybridization band of 490 bp (Fig. 7) . Thus, group A of M. anguillicaudatus could be easily Arrows denote the sequences from which ManDra-F and ManDra-R primers were designed. Underline indicates the recognition site (GTGCAC) of the restriction enzyme ApaLI (Fig. 8) . Thus, this exotic species could be identified by this specific electrophoretic pattern of the ManBgl marker.
RAG1-RFLP marker
After the PCR amplification for the RAG1 gene region and its subsequent digestion with Pvu II, samples of group A and B-2 loaches exhibited one fragment of 443 bp, while samples of the group B-1 loach showed two fragments of 147 and 296 bp (Fig. 9) . Thus, group A or B-2 M. anguillicaudatus samples were clearly distinguishable from group B-1 samples by the RAG1-RFLP analysis. Standard reference samples of clones exhibited an electrophoretic pattern comprising three fragments: 443 bp from group A; and 147 and 296 bp from (Fig. 9) . By the occurrence of these three fragments, clonal individuals between groups A and B-1 and inter-group hybrids between group B-1 and B-2 were discovered simply as well as clearly. Only one fragment of 443 bp appeared in other Misgurnus loaches (M. mizolepis and M. fossilis). Cobitis samples exhibited one Fig. 6 Nucleotide sequences of ManBgl-550 monomers. Seventeen randomly selected clones from an M. anguillicaudatus were sequenced and aligned using a Clustal W program. Only the complete sequence of ManBgl-550-c, which is the consensus sequence determined by the majority rule, is shown and the sequence differences relative to it are indicated. Dots and a dash signify identical nucleotides and a sequence gap, respectively. Substitutions are marked with the appropriate nucleotides. The pair of primers for the PCR experiment are indicated with arrows fragment of 443 bp length, like Misgurnus loaches, but Lefua and Noemacheilus samples gave no amplification (Fig. 9) . However, carp and goldfish amplified weak fragments of 443 bp and other minor fragments with larger sizes (Fig. 9) .
Nuclear genomic constitutions in Japanese M. anguillicaudatus and molecular species identification
As mentioned in the foregoing sections, the nuclear genome group of each M. anguillicaudatus individual could be identified by genotyping of ManDra, ManBgl, and RAG1-RFLP markers, and the electrophoretic patterns are summarized in Table 3 . Samples with ladder-like electrophoretic patterns of ManDra, specific 400-bp ManBgl fragments, and a specific 443-bp RAG1-RFLP band were identified as individuals with the group A nuclear genome. Samples with a smear-like pattern of ManDra and a specific 460-bp ManBgl band, but without the 400-bp ManBgl band, were identified as individuals with the group B nuclear genome. Among such samples, group B-1 and B-2 genomes could be distinguished by two RAG1 fragments (296 and 147 bp) and a single RAG1 fragment (443 bp) after RFLP, respectively. Natural clonal individuals were easily identified by sharing both 400-and 460-bp ManBgl fragments and specific three-banded RAG1-RFLP pattern with 443-, 296-, and 147-bp fragments, which indicated a heterozygous genomic state between groups A and B-1. The smear-like pattern of ManDra was the intermediate result between ladder-like and smear-like patterns, in which higher numbers of repeats presumably existed in the smearlike patterns of group B. Heterozygous nuclear genomes including both group B-1 and B-2 could also be identified by the presence of a group B specific 460-bp ManBgl band (or the absence of a group A specific 400-bp ManBgl band) and the presence of the three-banded pattern of RAG1-RFLP. The exotic species M. mizolepis could be identified by the presence of a species-specific ManBgl pattern comprising prominent 400-, 460-, and 510-bp bands. The European weatherfish, M. fossilis, did not amplify the ManBgl marker.
Population structure of Japanese M. anguillicaudatus based on nuclear genomes and mtDNA haplotypes Nuclear genotypes and cytoplasmic mtDNA haplotypes of Japanese M. anguillicaudatus of each sampling site are individually shown in Table 4 ( Fig. S1 ; Table S1 ). In most samples, the nuclear genome and mtDNA haplotype were identified by ManDra, ManBGL, RAG1-RFLP and mtDNA-CR analyses, but the nuclear genome was not precisely identified in a few samples collected from site nos. 3, 13, 18, 19, 20, 22 and 23. The mtDNA-CR haplotype was also unknown in a small number of samples from site nos. 13 and 24.
Samples which exhibited group A specific nucleus and mtDNA were only found in site nos. 1, 5 (Hokkaido Island); and 11 and 16 (Honshu Island). However, there were a few individuals with group A specific nucleus and mtDNA from site no. 16. Among samples from site no. 1, about half had both nucleus and mtDNA specific to group A, but others were identified as natural clones with heterozygous nuclear genomes from both groups A and B-1 and a group A-specific mtDNA haplotype. Clonal individuals with the same genetic constitution also appeared in site no. 20 in Ishikawa Prefecture, Honshu Island, but the frequency of clonal diploids was much lower when compared with clones from site no. 1 in Hokkaido Prefecture. Triploid individuals in these sites also had the clone-origin nuclear (A/B-1 heterozygous genome) and cytoplasmic (group A haplotype) composition (Table S1 ). In Ishikawa Prefecture (site nos. 19, 20, 23) , individuals with nucleus specific to group B-1 and mtDNA specific to group A appeared. In these sites, minor numbers of heterozygous individuals with both B-1 and B-2 specific nucleus and group A specific mtDNA also appeared. In samples from Hokkaido and the northern part of Honshu Island (site nos. 2, 3, 4, 6, 8, 9 and 10), both nuclear and cytoplasmic genomes were the group B-1 type. A similar situation was found in samples from the western part of Honshu Island (site nos. 25, 27, 29, 30) and Shikoku Island (site no. 33). A small number of samples with group B-1 specific mtDNA from site nos. 7, 18, 21, 22 and 28 had heterozygous B-1/B-2 nuclei. In site no. 31, most samples had cytoplasmic mtDNA specific to the group B-1, but their nuclear genomes were changed to the group B-2 or B-1/B-2 type. In site no. 32, more than half the individuals with the group B-1 specific mtDNA possessed a heterozygous B-1/B-2 nuclear genome. In site no. 20 of Ishikawa Prefecture, a very small number of samples with a clonal nucleus of heterozygous A/B-1 and cytoplasmic B-1 specific mtDNA appeared.
In the central part of Honshu Island (site nos. 12, 13, 14, 15, 16, 17) , most samples had both nucleus and mtDNA specific to the group B-2, but a small number of samples with mtDNA characteristic of the group B-2 had a B1/B2 heterozygous nuclear genome. A small number of samples with heterozygous B1/B2 nucleus and the group B2 specific mtDNA also appeared in site no. 24 in Ishikawa Prefecture. In site no. 26, samples with the group B-1 specific nucleus and the group B-2 specific mtDNA appeared at a relatively high rate.
Discussion
The presence of the three genetically diverse groups A, B-1 and B-2 was clearly recognized within Japanese pond loach M. anguillicaudatus populations by mtDNA-CR haplotypes [2] , nuclear genotypes of RAG1 [15] and other markers [12] [13] [14] . In our previous study, we strongly suggested the hybrid origin of gynogenetically reproducing clonal diploids by their heterozygosity due to a past hybridization event between the A and B-1 groups in the nuclear RAG1 and IRBP2 loci [15] . However, previous approaches required complicated procedures including cloning and sequencing when two or more double-peak sites were detected in the sequences of the above two loci [15] . In addition, clonal individuals had to be genetically verified by microsatellite genotypes and RAPD-fingerprinting [15] . Therefore, here we report easier and simpler molecular markers to distinguish genetic groups within M. anguillicaudatus as well as to identify clonal diploid individuals.
The ManDra marker (PCR primer set) developed here gave different electrophoretic profiles between the A and B-1 (and B-2) group loaches. The different profiles such as the ladder-like one in group A and the smear-like one in group B are presumably explained by the richness of repeats between them. The appearance of the smear-type electrophoretogram of the clonal diploid samples was interpreted as an intermediate heterozygous state between a low number of repeats in the group A genome and a higher Unknown: In mtDNA, the haplotypes have not been reported previously. In nuclear DNA, the genotypes were not categorized by our present markers. Detailed supplemental information is shown in Table S1 number of repeats in the group B genome. The exact cause responsible for the difference in electrophoretic profiles between the genetic groups should be clarified by estimating the number of repeats by comparative Southern blot hybridization and/or real-time PCR in the near future. Similar repetitive sequences of Cal3nDr were isolated from DraI digests as polyploid-specific ones from the genomic DNA of a gynogenetically reproducing triploid silver crucian carp [24] . ManDra sequences could not distinguish triploid individuals from other diploid M. anguillicaudatus like Cal3nDr in crucian carp. However, the isolation of DraI digested repetitive sequence monomers of approximately 130 bp from both crucian carp and pond loach is very interesting from the viewpoint of similarity of reproductive manner, because both fish species include gynogenetically reproducing lineages and diploid-polyploid complexes. Further comparative molecular cytogenetic studies are required to clarify the exact position and organization on their chromosomes by fluorescence in situ hybridization.
Considering the results from the Southern blot hybridization, the genomic organization of ManBgl-550 sequences was not a simple tandem array of monomers, because the hybridization band patterns were not like a ladder. The repetitive sequences were not detected in M. fossilis and other cobitid and cyprinid samples, but only in M. anguillicaudatus and M. mizolepis. Furthermore, the nuclear genomes of the two different genetic groups A and B could be identified by the presence or absence of 400-bp fragments in M. anguillicaudatus. Presence of both 400-and 460-bp fragments suggested a clonal lineage with a hybrid origin between the A and B groups. The exotic species M. mizolepis was also able to be detected by specific electrophoretograms by this nuclear marker. These results indicated that ManBgl is an excellent marker, not only for distinguishing two diverse genetic groups of M. anguillicaudatus, but also for finding candidates of clonal diploids. This ManBgl marker is also useful for identifying exotic M. mizolepis from indigenous M. anguillicaudatus populations by the specific electrophoretic profile.
The RAG1-RFLP marker was quite effective in finding clonal individuals with both group A and B-1 specific nuclei and hybrid individuals with both group B-1 and B-2 specific nuclei. Although this marker cannot distinguish group A and B-2 specific nuclear genomes, these two groups can be identified by using other markers such as ManBgl and ManDra.
Analyses using the abovementioned ManDra, ManBgl and RAG1-RFLP markers on samples which were grouped by mtDNA haplotypes revealed a general distribution of three groups of loaches as follows: (1) most individuals in the eastern part of Hokkaido and one site in the Tohoku area were members of group A; (2) almost all individuals in the central part of Hokkaido Island, Tohoku and the western area of Honshu Island, and Shikoku Island were categorized to the group B-1; (3) most samples from the central area of Honshu Island had nucleus and mtDNA of the group B-2; (4) clonal diploids and clone-derived triploids with heterozygous A/B-1 genomes and A group specific mtDNA exclusively appeared in the eastern part of Hokkaido Island and Notojima-Hannoura, Nanao in Ishikawa Prefecture, Honshu Island; and (5) different nucleo-cytoplasmic combinations between the nucleus genome and mtDNA such as B-1 nucleus and A mtDNA, heterozygous B-1/B-2 nucleus and A mtDNA, heterozygous B-1/B-2 nucleus and B-1 mtDNA, B-1 nucleus and B-2 mtDNA, and B-2 nucleus and B-1 mtDNA were detected at different frequencies in several sites (Table 4 ; Fig. S1 , Table S1 ).
Clonal lineages in the eastern Hokkaido area are considered to be stably maintained, because sperm is provided to trigger gynogenetic development of clonal females from bisexually reproducing wild-type diploids with group A-specific nucleus and mtDNA [1, 2, 25] . Triploids frequently appear by incorporation of the sperm nucleus of a diploid wild-type [25] . Resultant males are sterile, while resultant triploid females produce fertile haploid eggs only with the group-A specific nucleus by the atypical reproductive system, meiotic hybridogenesis [11, 26] . In contrast, clonal lineages in Ishikawa Prefecture were being unstably maintained and frequencies were lower than those in the eastern area of Hokkaido Prefecture. This may be explained by sympatric distribution of the group B-1 wild-type. As already concluded in Yamada et al. [15] , the individuals with group B-1 specific nucleus and clone specific A group mtDNA appeared and these loaches are presumably produced by the introgression of clonal mtDNA via meiotic hybridogenesis of clone-origin triploid individuals, which appeared by incorporation of the nucleus of the group B-1 of sympatric wild-type diploids. Such triploid females with clone-specific A type mtDNA included one set of the group A genome and two sets of the group B-1 genomes, and should produce fertile haploid gametes exclusively with the group B-1 nucleus by eliminating non-homologous A genome during oogenesis, i.e., meiotic hybridogenesis [26] . Such diploid loaches with the group B-1 nucleus and group A mtDNA may produce progeny with heterozygous B-1/B-2 nuclei by hybridization with wild-type diploid males with group B-2 nuclei.
Another prominent nucleo-cytoplasmic combination was the loach with a B-2 or B-1/B-2 nucleus and B-1 mtDNA observed in Tottori and Shimane Prefecture. Such a situation could arise by hybridization between females with the group B-1 nucleus and B-1 mtDNA and males with the group B-2 nucleus. Different types of hybrids between the group B-2 females and the group B-1 males were mainly seen in Gifu Prefecture. A small number of transient types including heterozygous B-1/B-2 nucleus and B-2 mtDNA presumably from hybridization with group B-1 males were observed in Niigata, Tochigi, Saitama, Chiba and Ishikawa Prefectures. The occurrence of these presumably intergroup hybrids may be caused by the invasion of M. anguillicaudatus loaches with B-2 nucleus and B-2 mtDNA, which may be genetically close to continental strains [11] , into the indigenous populations of group B-1 loaches.
